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ABSTRACT 
 
Scant literature exists of the atmospheric effects on parabolic solar troughs. The technology is relatively 
new, so supporting studies by consequence are as well. 
 
This study examines the effects of wind at various speeds, with various angles of attack on parabolic 
solar troughs. This begins by picking up on previous study, corroborating previously found data, then 
introduces new angles of attack. The model includes the presence of the solar tube where other studies 
omit.  
 
The purpose of this study is to build a data set which is useful for structural consideration. During the 
course of this study, it was found there are certain angles of attack that produce quasi-stable results. 
This is indicative of natural frequency at these angles, and is a significant structural consideration in its 
own right. 
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1. INTRODUCTION 
 
1.1 HISTORY AND BACKGROUND OF TECHNOLOGY 
 
In the world post-Industrial Revolution, humanity has seen a need to supply machines with power to 
sustain civilization’s newfound standard of living. The Industrial Revolution used coal as its chief power-
supply, quickly turning to petroleum-based gasoline, diesel and propane/butane: all of which are more 
energy dense than their predecessor [1]. 
 
As more of humanity industrialized, there became a need for more power. This reliance on power, 
however, came at a cost in the 1970s when the members of OAPEC crashed the global energy market by 
quadrupling the cost of oil [2]. Given both the economic and environmental costs of using oil as a 
primary source of power, the United States Government has committed increased budget size to finding 
alternate, “cleaner” sources of power [3, 4]. 
 
This “Clean Energy” or “Green Energy” focuses on converting readily-available energy sources rather 
than raw materials, to achieve energy production needs. These include solar, wind, hydro/tidal, and 
geothermal energy [5]. These all use as a primary the sun: a source that is several orders of magnitude 
more vast in its energy reserves than the raw materials of conventional energy production. In fact, the 
amount of energy delivered to the Earth’s surface by sunlight in a single year is two orders of magnitude 
greater than all the energy that is contained in world’s coal and oil reserves combined [6][7]. 
 
Given this knowledge, and the fact that sunlight is not a natural resource that is limited to geographic of 
political boundaries, there is heavy economic investment in this particular form of “Green Energy”. Most 
recently, in February 2014, the world’s largest solar plant formally opened in Nevada, costing 2.2 billion 
USD and generating 400MW of power [8]. 
 
Investment dollars are backing the method of focusing the sun’s rays into a single point, either through a 
tower or trough concept. With the exception of the largest being a solar tower, the next  17 of the 
world’s largest solar power plants use the trough design [9]. 
 
1.2 LITERATURE SURVEY 
 
Despite the concept of solar troughs being a very simple exercise in optics, there are many 
considerations involving heat loss in the tube and other assorted issues. To the best knowledge of the 
authors, the majority of studies in this field of energy production are oriented to studying the energy 
efficiency of the design. 
 
Pressure coefficients for wind forces on flat plates were experimentally determined [10]. Wind force on 
a 3.1m aperture trough was investigated using CFD across various velocities and angles of attack, 
yielding 2D results to be read as ‘per unit meter’ [11, 12]. Analytical wind loading testing allowed study 
on a fiberglass trough [13]. Wind load also was studied on flat plate collectors and their storage tanks 
[14]. CFD simulations for a series of flat plate collectors were done at different angles of attack for 3 
different wind speeds [15]. Numerical simulations used to find the wind path around a paraboloidal dish 
were done to track the path of dust particles [16]. 
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A published series of reports through the 1980s and 1990s of wind loading on parabolic solar troughs 
have been the de-facto standard for estimating experimental forces (SANDIA Natl Labs) [17-20]. Wind 
tunnel tests of parabolic solar troughs were published in 2008, based on a series of wind loads on a scale 
model of 1:45 with 5m aperture (NREL) [21]. These experiments determined the horizontal and vertical 
forces with pitching moment about the apex of the parabola, for both single troughs and array fields, for 
various angles of attack and wind velocities. 
 
It should be noted that the experimental data of both SANDIA and NREL provide concrete estimates, 
there exists a spread in data. Also, given the curved nature of the collectors studied, a full-scale model 
should be used for accurate data gathering [22]. This is one of the recommendations of the NREL report. 
 
1.3 SIGNIFICANCE OF STUDY 
 
Based on all the literature reviewed, there is very little documentation on the structural considerations 
of solar troughs. Building on the groundwork set in ‘Numerical Study of Wind Forces on Parabolic Solar 
Collectors’, this study examines, in finer detail, through more angles of attack, and more exact modeling 
the effects of wind on these structures. 
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2. MODEL 
 
2.1 DEFINING THE PHYSICAL SPACE 
 
The study is a 2D consideration of the flow across a parabolic solar trough. The trough is positioned a 
distance of 15 meters from the inlet, at a ground clearance of 0.127 meters, with 75 meters of space for 
turbulence flow to escape the model before the outlet. The sky was positioned at a height of 30 meters. 
The space is sufficiently large so as to allow the flow to develop, and boundary conditions to not impact 
the study of the flow around the solar trough. The sizing of the aperture ranges from 1.2 meters to 5.0 
meters. The space defined is in accordance with the parameters set in ‘Numerical Study of Wind Forces 
on Parabolic Solar Collectors’ [23]. 
 
 
Fig 2.1: Full View Pointwise Mesh 
 
2.2 GOVERNING EQUATIONS 
 
Since the flow of the wind is turbulent, the turbulence model chosen for the current study is the Shear 
Stress Transport (SST) Reynolds-averaged Navier-Stokes (RANS) model.  The SST model is an excellent 
predictor of separated flows.  It is a standard choice for low-speed turbulent flow around objects. 
 
The SST RANS equations for steady-state, incompressible, and Newtonian flow are 
 
Conservation of mass: 
 
  ̅ 
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Conservation of momentum: 
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In the preceding equations,  ̅  and  ̅  are the mean velocity components,    and    are coordinates, P is 
the pressure,   is the dynamic viscosity,   is the density, and   
   
 ̅̅ ̅̅ ̅̅  are the Reynolds stresses.  The 
Reynolds stresses are related to the turbulent viscosity via the Boussinesq approximation. 
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In this equation,    is the turbulent dynamic viscosity,      is the Kronecker delta, and k is the turbulent 
kinetic energy. 
 
The transport equations for the turbulent kinetic energy k and the specific dissipation rate  are: 
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The production term    is defined as: 
 
          
        
 
where S is an invariant measure of the strain rate and: 
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The constants , , k, and  are computed from a blend of the constants from the k- and k- models 
using the blending functions F1 and F2.  For example: 
 
                
 
The coefficients are: 
 
   
 
 
           
                                                          
 
2.3 PROCEDURE 
 
The setup begins with using the optical property relating focal length to aperture: 
 
f = 
 
 
 
 
to define a set of points on the parabola, sufficiently numerous so as to closely resemble a perfect 
parabola, and plot them on a chart in Excel, connecting them with lines. This is done across each of the 
aperture sizes: 1.2m, 1.5m, 1.8m, 2.4m, 3.0m, 3.7m, 5.0m. 
 
 
Fig 2.2: Excel Rendering of Trough and Tube with Force Orientation and Pitching Moment Location 
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These points are then positioned in the meshing software used, Pointwise. They are oriented to angles 
of attack to be studied: 0°, 30°, 60°, 90°, 120°, 150°, 180°.  
 
 
                          0               30                 60                           90                       120                 150              180 
 
Fig 2.3: Trough Angles of Attack Defined 
 
 
 
Fig 2.4: Trough and Tube Pointwise Mesh 
 
The structured mesh is extruded around both the tube and the trough, and the unstructured later to fill 
in the space between the boundary conditions. The resolution of this mesh is in excess of 1.5 million 
cells, varying by aperture and angle of attack. 
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Fig 2.5: Tip Pointwise Structured Mesh 
 
The focus of this study is the general airflow and its subsequent, direct effect on the parabolic body. 
Thus, the grid at the surface is kept fine enough to capture activity, but not so fine as to use up 
computational cycles unnecessarily. Given that drag correlates to the square of the velocity, the skin 
drag considerations become negligible when considered to those of body drag. 
 
The mesh is imported into the CFD program, CFX. The simulation’s parameters are set up: boundary 
conditions, simulation model, and forces to be studied. The SST model, with no heat study is used, and 
the horizontal, vertical forces and the torque around the central point on the parabola are defined. 
 
2.4 MESH INDEPENDENCE STUDY 
 
In keeping with academic and industry practices, a mesh independence and/or timestep independence 
study is performed for both quality control as well as to ensure excessive mesh is not used. The mesh 
independence study that was performed coincided with a change in solver choice, to ensure the proper 
baseline was used throughout the course of the study. The study shown is for 1.5m aperture, 30 ° α, 
26.8 m/s wind velocity. 
 
Table 2.1: Mesh Independence Study 
Force Normal Mesh Mesh Study % Difference 
FX (N) 1080 1074 0.557 
FY (N) -702 -699 0.428 
TZ (Nm) 67.0 66.3 1.05 
 
The mesh connector count was tripled from its original number to provide ample increase in cell 
resolution. We note an extremely small (negligible) difference between our chosen resolution and the 
greatly enhanced resolution. Furthermore, various simulations solidified a choice for a 0.005s timestep 
16 
 
as a standards after 0.01s failed to capture a scant few cases, and 0.001s proved unnecessary to resolve 
the simulation. 
 
 
Fig 2.6: Oscillating Case Showing Importance of 0.005s Timestep  
1.82E+03
1.82E+03
1.83E+03
1.83E+03
1.84E+03
1.84E+03
1.85E+03
1.85E+03
5960 5965 5970 5975 5980 5985 5990 5995 6000
F_
x 
(N
) 
Iterations 
17 
 
3. RESULTS AND DISCUSSION 
 
3.1 RESULTS VISUALIZATION 
 
3.1.1 Tables for 1.2m Aperture 
 
Table 3.1: Forces for 0° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 102 -1.63 1.33 
13.4 233 -3.80 3.09 
17.9 417 -7.39 6.00 
22.4 656 -11.5 9.37 
26.8 941 -16.5 13.4 
 
Table 3.2: Forces for 30° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 93.1 -60.4 4.54 
13.4 211 -137 10.4 
17.9 377 -245 18.6 
22.4 591 -384 29.1 
26.8 846 -549 41.7 
 
Table 3.3: Forces for 60° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 62.3 -132 7.24 
13.4 129 -247 15.6 
17.9 221 -426 25.7 
22.4 347 -678 40.0 
26.8 515 -953 67.2 
 
Table 3.4: Forces for 90° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 3.54 -156 -2.41 
13.4 7.11 -385 -4.90 
17.9 12.3 -731 -8.46 
22.4 17.9 -1200 -12.3 
26.8 24.5 -1770 -16.8 
 
Table 3.5: Forces for 120° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 28.7 -21.9 -26.5 
13.4 64.7 -51.4 -60.3 
17.9 116 -88.8 -107 
22.4 182 -139 -168 
26.8 259 -205 -242 
 
18 
 
Table 3.6: Forces for 150° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 73.1 28.3 -8.96 
13.4 167 64.5 -20.3 
17.9 297 115 -36.2 
22.4 464 181 -56.6 
26.8 664 258 -80.4 
 
Table 3.7: Forces for 180° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 74.1 13.4 10.0 
13.4 168 30.6 22.9 
17.9 301 54.7 40.9 
22.4 470 87.0 65.1 
26.8 675 123 92.0 
 
Listed are the complete tables for the 1.2m aperture. To avoid redundancy, the rest of the apertures 
have been placed in the Appendix. 
 
In order to visualize the trends in the data, apertures, wind speeds and alphas are chosen at random, 
rotating which is a free variable while the other two are fixed. 
 
3.1.2 Forces for 1.2 m Aperture, 8.9 m/s Wind Velocity (Angle of Attack Varies) 
 
 
Fig 3.1: Horizontal Force for 1.2 m Aperture, 8.9 m/s Wind Velocity 
 
The horizontal force being positive through all alphas makes sense as the body obstructing airflow will 
always induce drag, never thrust. It is to be expected that the least drag occurs at 90° alpha as this is the 
angle of attack with the least amount of cross-sectional area exposed to the wind. 
 
0
20
40
60
80
100
120
0 50 100 150 200
F_
x 
(N
) 
alpha (deg) 
19 
 
 
Fix 3.2: Vertical Force for 1.2 m Aperture, 8.9 m/s Wind Velocity 
 
Unlike the horizontal force, the shape of the object and the orientation of the concavity will play a role 
with the body inducing downforce or lift. It is to be expected that at the higher angles of attack lift is 
produced as the concavity faces away from the flow of air. This produces an area of low pressure. 
 
 
Fig 3.3: Pitching Moment for 1.2 m Aperture, 8.9 m/s Wind Velocity 
 
Given the changes in vertical force, and the volatility that comes with aerodynamic stalls, it stands to 
reason that a dynamic shift in pitching moment will occur as the angle of attack varies. Here, we note 
that it increases slightly with angle of attack before plummeting to a minima, into negative values, 
before making a sharp climb back into positive values. 
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3.1.3 Forces for 8.9 m/s Wind Velocity, 30° and 150° Angle of Attack (Aperture Varies) 
 
 
Fig 3.4: Horizontal Force for 8.9 m/s Wind Velocity 
 
The trend of force growing with aperture is consistent regardless of angle of attack chosen. 
 
 
Fig 3.5: Vertical Force for 8.9 m/s Wind Velocity 
 
As seen before, there is an expectation depending on the angle of attack for there be either lift or 
downforce produced, and this figure captures that. Note that the trend of force magnitude grows 
consistently with aperture size. 
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Fig 3.6: Pitching Moment for 8.9 m/s Wind Velocity 
 
3.1.4 Forces for 5.0m Aperture, 60° Angle of Attack (Wind Velocity Varies) 
 
 
 Fig 3.7: Horizontal Force for 5.0 m Aperture, 60° Angle of Attack 
 
In keeping with previous trends, the horizontal force growth is consistent with wind velocity growth. 
This is the expected result. 
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Fig 3.8: Vertical Force for 5.0 m Aperture, 60° Angle of Attack 
 
Like the horizontal force, there is consistent magnitude growth of vertical force proportional to wind 
velocity. 
 
 
Fig 3.9: Pitching Moment for 5.0 m Aperture, 60° Angle of Attack 
 
3.2 COMPARISON WITH PREVIOUS RESULTS 
 
3.2.1 Numerical Comparison 
 
To validate the findings in this study, the parts of the results that have previous data are compared. 
First, this is done with a fixed aperture and α. 
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Table 3.8: FX (N) for 3.7m aperture, 30° α 
Wind Velocty (m/s) Current Data Previous Data % Difference 
8.9 434.5 363.6 17.7 
13.4 1017.5 818.4 21.6 
17.9 1805 1455.3 21.4 
22.4 2780 2274.2 20 
26.8 3960 3275.4 18.9 
 
Table 3.9: FY (N) for 3.7m aperture, 30° α 
Wind Velocity (m/s) Current Data Previous Data % Difference 
8.9 -278 -231.1 18.4 
13.4 -647.5 520.3 21.7 
17.9 -1141 925.2 20.8 
22.4 -1775 -1445.8 20.4 
26.8 -2535 -2082.4 19.6 
 
Table 3.10: TZ (Nm) for 3.7m aperture, 30° α 
Wind Velocity (m/s) Current Data Previous Data % Difference 
8.9 58.5 45.5 25 
13.4 128.2 102.6 22.1 
17.9 227 182.5 21.7 
22.4 358.5 285.2 22.7 
26.8 524.2 410.7 24.2 
 
To ensure a robust data set, different fixed parameters are chosen. For this, wind velocity and α are 
fixed, allowing aperture size comparison. This is in keeping with the display of data via figures in the 
previous examples. 
 
Table 3.11: FX (N) for 26.8 m/s Wind Velocity , 30° α 
Aperture Size (m) Current Data Previous Data % Difference 
1.5 1080 1085.7 0.526 
1.8 1350 1348.4 0.119 
2.4 1930 1925.3 0.244 
3.0 2580 2567.5 .486 
 
Table 3.12: FY (N) for 26.8 m/s Wind Velocity, 30° α 
Aperture Size (m) Current Data Previous Data % Difference 
1.5 -702 -688.8 1.89 
1.8 -878 -855.7 2.57 
2.4 -1250 -1222.7 2.21 
3.0 -1670 -1631.4 2.33 
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Table 3.13: TZ (Nm) for 26.8 m/s Wind Velocity, 30° α 
Aperture Size (m) Current Data Previous Data % Difference 
1.5 67 55 19.6 
1.8 102 82.4 21.2 
2.4 186 158.5 15.9 
3.0 514 266.2 63.5 
 
3.2.2 Experimental Comparison (SANDIA) 
 
SANDIA National Laboratories has experimental values for 5.0m aperture. This provides additional 
results comparison for the values obtained in this study. 
 
Table 3.14: CFx for 5.0m aperture, 8.9 m/s Wind Velocity 
α (°) SANDIA Min Value Current Data SANDIA Max Value 
0 0.5 3.75 3.6 
30 0.6 3.32 3.4 
60 0.3 1.04 1.75 
90 0 0.0792 1.2 
120 0.2 0.656 1.2 
150 0.4 1.90 2.2 
180 0.4 2.72 2.8 
 
Table 3.15: CFy for 5.0m aperture, 8.9 m/s Wind Velocity 
α (°) SANDIA Min Value Current Data SANDIA Max Value 
0 -0.1 -0.134 0.2 
30 -2.2 -2.12 -0.3 
60 -4 -2.37 -0.6 
90 -1.1 -0.814 1.1 
120 -0.3 -0.355 0.8 
150 0 1.87 1 
180 -0.1 0.434 0.3 
 
Table 3.16: Ctau for 5.0m aperture, 8.9 m/s Wind Velocity 
α (°) SANDIA Min Value Current Data SANDIA Max Value 
0 -0.1 0.0895 0.2 
30 -0.2 0.102 0.1 
60 -0.35 0.296 0.15 
90 0.05 -0.0575 0.45 
120 0.1 0.461 0.5 
150 0.05 0.168 0.35 
180 -0.15 0.274 0.05 
 
From these tables, we note that certain obtained values lie just outside the lower and upper limits of the 
experimental data obtained by SANDIA. 
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3.3 FIGURES OF AIRFLOW 
 
To give a visual understanding of how the airflow develops around the parabolic trough, as well as 
demonstrate the consistency with previous findings, the same angles and speeds used to compare 
results are used to graph air flow. 
 
The streamlines presented attempt to capture the stagnation points on both trough and tube, as well as 
the recirculation behind the body. The outer streamlines are the width of the aperture and demonstrate 
the ‘wall of air’s modification as it approaches the object. 
 
 
Fig 3.10: Streamlines for 1.2m Aperture, 30° α, 26.8 m/s Wind Velocity 
 
This airflow behavior will change greatly with aperture size, as the recirculation zone becomes larger. 
Without going too far into the field of aerodynamics, we can see the split of recirculation being in the 
middle of the ‘vertical section’ of the trough for this angle of attack. With the largest aperture studied, 
we note that the split occurs nearly at the tip of the structure. This is pertinent for localized structural 
consideration. 
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Fig 3.11: Streamlines for 5.0m Aperture, 30° α, 26.8 m/s Wind Velocity 
 
Additional flow visualization for this wind speed and angle of attack across all intermediate aperture 
sizes can be found in the appendix. 
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4. CONCLUSION 
 
4.1 REASONS WHY STUDY IS A SUCCESS 
 
By starting this study with corroborating previous, proven data, the end result is a larger field of data 
that can be incorporated into design of trough structures. In essence, the data set has been doubled to 
consider winds that might approach a field from the opposing direction, as the trough tracks the sun. 
 
With this resolution, a discovery was made involving the angles of 60° and 150°: the forces and torques 
at these angles oscillated between values, which are indicative of natural frequency. This is a primary 
concern for structural engineers and finding an angle of attack that is close to the angle that produces 
resonance will allow for further study. 
 
4.2 RECOMMENDATIONS IN HINDSIGHT 
 
“Hindsight is 20/20” as the expression goes. In the course of working on this project, a good many tips 
for the successor would be suggested. 
 
4.2.1 Advisor Recommendations 
 
Listening to the thesis advisor’s recommendations is paramount. As someone fresh to the world of CFD, 
there is a fountain of knowledge to be tapped, and time to be saved, by listening to the advisor. I was 
keen to learn things for myself, and try new routes and methods of obtaining the data for this project, 
however at a severe cost to timeliness. 
 
When the project started, FLUENT was chosen for the CFD calculations due to it having a 2D solver. After 
months of setting up Zeus licensing, initial runs and the first aperture size of tabulated results, an 
inconsistency in data was exposed. 
 
It was found that FLUENT was inconsistent with the previous study, but also inconsistent with itself, for 
the same set of parameters. Not knowing how much of the data thus far in the study was valid versus 
not, and still many apertures to go, it was deemed better to just simply switch platforms to the one the 
advisor had suggested all along: CFX. Not only were results more reliable (Chapter 3.2), but the 
simulations were also far faster to complete. 
 
The simulations were then picked up in CFX, and when the sample of apertures was complete, the first 
size was redone in CFX for consistency. 
 
28 
 
 
Fig 4.1: FLUENT versus CFX comparison 
 
Note the (improper) quasi-steady result yielded by FLUENT, whereas the results for the same set of 
parameters yielded a stable, converged result regardless of timestep with CFX. 
 
4.2.2 Simulation Order 
 
Given that the principle goal of this project was to generate tables of results across a range of apertures, 
wind speeds and angles of attack, the preferred method would have been to test with largest numbers 
first, working down. By building simulations around large numbers and reducing percent difference with 
previous data, it stands to reason that the smaller apertures, wind speeds would have even better 
results, as the numbers scale. 
 
As it was the models were simulated in increasing order, as ensuring organization was the priority given 
the amount of data to be generated. 
 
4.3 FURTHER WORK 
 
With infinite time, it would be possible to explore all ideas that came up during this project. This isn’t 
the case, and perhaps the next graduate students on this project would be interested in exploring some 
these, or find others of their own. 
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4.3.1 Oscillations 
 
It was discovered during simulation that at 60° α and 150° α, the horizontal and vertical forces would 
oscillate. Despite using RMS values in the tabulated results, it would be interesting to explore the 
natural frequencies of this shape, precisely at what angle(s) these occur, and furthermore what 
modifications to the shape (without changing the reflective properties of the technology) could be 
proposed to reduce these vibrations for actual usage. 
 
4.3.2 Thicknesses 
 
When this project started, the goal was also to test all of the speeds, angles and sizes across a range of 
parabola thicknesses as well. The initial models were built across 3 thicknesses, but only the thinnest 
was used for testing. This would effectively require 3x the work that was already done. Exploring how 
thickness affects the forces would be an interesting study in its own right. 
 
4.3.3 3D Effects 
 
During this study, it is assumed that the wind impacts the surface head-on, given the 2D nature. 
However, just as this study expanded on the previous in that wind can also impact the surface from the 
rear, so too can wind come at the trough from an angle. It would be interesting to examine the effects 
of wind, at a given α, impacting the trough from various side angles and what twist might be induced in 
the structure. 
 
4.3.4 Field 
 
Standalone troughs do not exist. The technology depends on a field of troughs to generate enough 
energy to be substantial. Studying a field of 3 or more troughs, spaced at various intervals, and the 
individual forces on each would be an interesting study, permitting manufacturers to know where extra 
structural support is needed, and where it can be relaxed. 
 
4.3.5 Experimental Data 
 
This thesis develops simulated results. As with all simulations, it is important to corroborate the data 
found with real-world experiments. Future work to be done would include building models and testing 
that the data obtained via simulation is consistent with experiment. 
 
4.3.6 Extended Wind Velocity Data 
 
This study focuses on previously studied wind velocities across new angles of attack. It would be worth 
exploring a new, higher wind velocities. Studying various wind velocities for hurricane categories would 
be beneficial considering the areas in which these trough fields are located. 
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APPENDIX 
 
TABLES OF DATA 
 
Tables of 1.5 m Aperture 
 
Table A.1: Forces for 0° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 136 -3.05 3.04 
13.4 311 -7.54 7.49 
17.9 554 -12.1 12.1 
22.4 869 -19.7 19.6 
26.8 1247 -29.5 29.3 
 
Table A.2: Forces for 30° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 119 -77.4 7.37 
13.4 271 -176 17.1 
17.9 486 -317 30.7 
22.4 754 -487 45.0 
26.8 1080 -702 67.0 
 
Table A.3: Forces for 60° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 61.8 -171 31.6 
13.4 145 -383 35.5 
17.9 385 -740 64.2 
22.4 386 -921 124 
26.8 551 -1429 232 
 
Table A.4: Forces for 90° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 4.04 -185 -3.45 
13.4 8.99 -471 -7.74 
17.9 16.3 -913 -13.8 
22.4 24.4 -1500 -20.2 
26.8 27.6 -2230 -23.0 
 
Table A.5: Forces for 120° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 35.8 -28.4 -41.7 
13.4 80.3 -65.5 -94.5 
17.9 142 -121 -170 
22.4 222 -194 -268 
26.8 320 -263 -378 
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Table A.6: Forces for 150° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 93.4 37.3 -13.4 
13.4 211 84.0 -30.5 
17.9 379 152 -53.9 
22.4 590 235 -84.8 
26.8 854 343 -121 
 
Table A.7: Forces for 180° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 93.8 18.7 17.5 
13.4 212 42.8 40.3 
17.9 383 75.6 71.2 
22.4 598 120 113 
26.8 849 172 162 
 
Tables of 1.8 m Aperture 
 
Table A.8: Forces for 0° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 172 -3.91 4.73 
13.4 392 -9.20 11.1 
17.9 701 -15.8 19.2 
22.4 1100 -26.8 32.3 
26.8 1570 -37.2 44.7 
 
Table A.9: Forces for 30° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 149 -96.5 10.9 
13.4 340 -221 25.2 
17.9 605 -393 45.5 
22.4 940 -610 69.7 
26.8 1350 -878 102 
 
Table A.10: Forces for 60° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 75.5 -219 50.9 
13.4 167 -457 98.9 
17.9 581 -982 -6.15 
22.4 875 -1590 48.4 
26.8 767 -2170 509 
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Table A.11: Forces for 90° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 4.86 -197 -5.14 
13.4 10.5 -500 -11.0 
17.9 17.7 -993 -18.2 
22.4 26.7 -1670 -27.5 
26.8 47.6 -2570 -48.2 
 
Table A.12: Forces for 120° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 42.4 -35.8 -60.5 
13.4 96.9 -80.2 -138 
17.9 173 -142 -246 
22.4 271 -217 -381 
26.8 385 -331 -555 
 
Table A.13: Forces for 150° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 116 47.7 -18.9 
13.4 263 108 -42.4 
17.9 469 191 -76.8 
22.4 735 302 -118 
26.8 1050 432 -169 
 
Table A.14: Forces for 180° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 117 23.0 26.0 
13.4 265 52.5 59.4 
17.9 476 93.2 105 
22.4 743 148 168 
26.8 1060 212 240 
 
Tables of 2.4 m Aperture 
 
Table A.15: Forces for 0° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 238 -4.81 7.90 
13.4 616 -31.0 54.1 
17.9 1120 -57.3 99.7 
22.4 1830 -65.7 103 
26.8 2490 -130 203 
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Table A.16: Forces for 30° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 212 -137 20.9 
13.4 482 -312 46.6 
17.9 862 -558 84.1 
22.4 1350 -876 132 
26.8 1930 -1250 186 
 
Table A.17: Forces for 60° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 110 -157 24.6 
13.4 234 -671 214 
17.9 605 -1450 293 
22.4 748 -1830 428 
26.8 1700 -2580 229 
 
Table A.18: Forces for 90° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 6.93 -214 -10.5 
13.4 15.0 -549 -22.3 
17.9 24.4 -1080 -35.7 
22.4 36.0 -1880 -51.8 
26.8 48.1 -2970 -68.2 
 
Table A.19: Forces for 120° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 60.8 -41.7 -109 
13.4 133 -108 -250 
17.9 242 -185 -448 
22.4 366 -318 -706 
26.8 512 -484 -1020 
 
Table A.20: Forces for 150° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 179 75.5 -36.2 
13.4 375 160 -73.1 
17.9 670 286 -130 
22.4 1050 448 -203 
26.8 1500 640 -291 
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Table A.21: Forces for 180° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 166 33.9 51.2 
13.4 378 77.3 117 
17.9 674 139 209 
22.4 1060 217 328 
26.8 1510 313 473 
 
Tables of 3.0 m Aperture 
 
Table A.22: Forces for 0° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 350 -7.73 -560 
13.4 811 -17.0 -1300 
17.9 1450 -31.4 -2320 
22.4 2270 -49.6 -3640 
26.8 3260 -71.1 -5210 
 
Table A.23: Forces for 30° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 301 -196 -600 
13.4 714 -461 -1425 
17.9 1265 -814 -2530 
22.4 1930 -1245 -3850 
26.8 2580 -1670 -5140 
 
Table A.24: Forces for 60° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 163 -323 -463 
13.4 385 -795 -1074 
17.9 699 -1196 -1940 
22.4 1078 -2275 -3050 
26.8 1450 -2845 -4025 
 
Table A.25: Forces for 90° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 9.61 -228 -206 
13.4 20.1 -582 -508 
17.9 33.9 -1130 -971 
22.4 49.9 -1920 -1620 
26.8 66.9 -2950 -2450 
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Table A.26: Forces for 120° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 78.5 -55.8 -346 
13.4 179 -126 -793 
17.9 317 -231 -1415 
22.4 492 -363 -220 
26.8 705 -523 -315 
 
Table A.27: Forces for 150° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 311.5 125 -475 
13.4 719 292 -1094 
17.9 1280 522 -1955 
22.4 2015 822 -3070 
26.8 2885 1179 -4385 
 
Table A.28: Forces for 180° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 221 46.4 -238 
13.4 506 106 -544 
17.9 905 190 -971 
22.4 1420 298 -1520 
26.8 2030 428 -2170 
 
Tables of 3.7 m Aperture 
 
Table A.29: Forces for 0° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 350 -7.73 -560 
13.4 811 -17.0 -1300 
17.9 1450 -31.4 -2320 
22.4 2270 -49.6 -3640 
26.8 3260 -71.0 -5210 
 
Table A.30: Forces for 30° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 434 -278 58.5 
13.4 1017 -647 128 
17.9 1805 -1141 227 
22.4 2780 -1775 358 
26.8 3960 -2535 524 
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Table A.31: Forces for 60° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 197 -408 156 
13.4 445 -928 364 
17.9 805 -1660 541 
22.4 1278 -2510 726 
26.8 3720 -3965 1225 
 
Table A.32: Forces for 90° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 12.6 -228 -32.3 
13.4 26.7 -580 -67.6 
17.9 45 -1120 -113 
22.4 67.4 -1890 -168 
26.8 92.4 -2870 -229 
 
Table A.33: Forces for 120° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 106 -72.3 -283 
13.4 239 -167 -664 
17.9 221 -303 -1149 
22.4 658 -489 -1790 
26.8 942 -685 -2575 
 
Table A.34: Forces for 150° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 396 245 -99.5 
13.4 1042 437 -222 
17.9 1860 663 -393 
22.4 2925 1259 -586 
26.8 4325 1808 -835 
 
Table A.35: Forces for 180° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 295 63.1 148 
13.4 677 145 339 
17.9 1210 259 607 
22.4 1900 407 953 
26.8 2720 583 1370 
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Tables of 5.0 m Aperture 
 
Table A.36: Forces for 0° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 882 -31.5 105 
13.4 1930 -48.4 164 
17.9 3450 -84.3 289 
22.4 5410 -135 462 
26.8 7750 -194 665 
 
Table A.37: Forces for 30° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 779 -498 120 
13.4 1800 -1148 250 
17.9 3200 -2040 451 
22.4 4990 -3195 740 
26.8 7205 -4595 1025 
 
Table A.38: Forces for 60° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 245 -557 348 
13.4 576 -1222 537 
17.9 1053 -2520 912 
22.4 1765 -3900 1475 
26.8 2320 -5210 2818 
 
Table A.39: Forces for 90° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 18.6 -191 -67.5 
13.4 39.5 -518 -142 
17.9 68.4 -1040 -245 
22.4 101 -1760 -357 
26.8 144 -2710 -513 
 
Table A.40: Forces for 120° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 154 -83.5 -541 
13.4 350 -191 -1240 
17.9 621 -352 -2200 
22.4 968 -552 -3440 
26.8 1375 -788 -4910 
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Table A.41: Forces for 150° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 639 439 -197 
13.4 1790 786 -430 
17.9 3175 1407 -740 
22.4 4910 1757 -1075 
26.8 6975 3135 -1510 
 
Table A.42: Forces for 180° α 
Wind Velocity (m/s) FX (N) FY (N) TZ (Nm) 
8.9 466 102 322 
13.4 1070 233 738 
17.9 1920 416 1320 
22.4 3000 654 2080 
26.8 4300 936 2970 
 
FIGURES OF AIRFLOW 
 
 
Fig A.1: Streamlines for 1.8m Aperture, 30° α, 26.8 m/s Wind Velocity 
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Fig A.2: Streamlines for 2.4m Aperture, 30° α, 26.8 m/s Wind Velocity 
 
 
Fig A.3: Streamlines for 3.0m Aperture, 30° α, 26.8 m/s Wind Velocity 
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Fig A.4: Streamlines for 3.7m Aperture, 30° α, 26.8 m/s Wind Velocity 
 
